Nuclear components are functionally linked with the dynamic temporal and spatial compartmentalization, sorting and integration of regulatory information to facilitate its selective use. For example, the subnuclear targeting of transcription factors to punctate sites in the interphase nucleus mechanistically couples chromatin remodelling and the execution of signalling cascades that mediate gene expression with the combinatorial assembly of the regulatory machinery for biological control. In addition, a mitotic cycle of selective partitioning and sequential restoration of the transcriptional machinery provides a basis for the reassembly of regulatory complexes to render progeny cells competent for phenotypic gene expression. When this intranuclear targeting and localization of regulatory proteins is compromised, diseases, such as cancer, can occur. A detailed understanding of this process will provide further options for diagnosis and treatment.
Introduction
Advances in experimental strategies have provided essential tools for studying the nuclear structure-function interrelationship. New protocols for image analysis (for example, intranuclear informatics) have indicated that regulatory proteins in the nucleus have a characteristic architectural signature (Young et al, 2004) . Biochemical and cell-biological approaches have also shown that nuclear regulatory proteins (for example, RUNX transcription factors; Zeng et al, 1997; Zaidi et al, 2001 ) are directed to intranuclear sites by unique subnuclear targeting motifs (for example, the nuclear-matrixtargeting signal or NMTS). Similarly, biophysical and structural properties of proteins support the study of combinatorial control at the molecular level (Taatjes et al, 2004) . Here, we address the dynamic organization of proteins in nuclear microenvironments for the combinatorial assembly and activities of the gene-regulatory machinery under biological conditions, and consider the consequences of the perturbations that occur during human disease.
Organizing nuclear microenvironments
Physiologically responsive gene expression in vivo requires the temporal and spatial assembly and activities of the transcriptional regulatory machinery. The architectural organization of nucleic acids and regulatory proteins supports an interrelationship between nuclear structure and gene expression. Biochemical in situ immunofluorescence and genetic approaches have identified numerous levels of control in transcriptional regulation, which include the following: the convergence of several regulatory signals at promoter elements; the integration of regulatory information between independent promoter domains; the selective use of redundant regulatory pathways; thresholds for transcriptional initiation or suppression through limiting amounts of promoter elements and regulatory factors; mechanisms that render promoters of cell growth and phenotypic genes competent for protein-DNA and proteinprotein interactions in response to regulatory cues; the combinatorial organization of focally placed regulatory complexes at the promoter sites of target genes and in subnuclear domains where the transcriptional machinery is assembled; and the intranuclear trafficking of regulatory proteins to transcriptionally active foci.
The biological response of cells to diverse regulatory cues requires the optimal temporal and spatial representation of nucleic acids and proteins. These threshold concentrations of the geneticregulatory machinery are supported by the presence of architecturally associated macromolecular complexes in punctuate nuclear microenvironments. Nuclear microenvironments can be functionally defined as DNA-based (for example, chromosome territories) or protein-based (for example, subnuclear domains). The compartmentalization of multifunctional protein complexes into nuclear microenvironments is illustrated by the focal organization of promyelocytic leukaemia (PML) bodies (Dyck et al, 1994) , RUNX sites (Zeng et al, 1997; Zaidi et al, 2001 ), the nucleolus (Olson et al, 2002) and chromosomes (Ma et al, 1999) , as well as by the intranuclear distribution of sites for replication (Cook, 1999) , DNA repair (Scully & Livingston, 2000) , transcription (Verschure et al, 1999) , steroid and polypeptide responsiveness (Nagaich et al, 2004) , and RNA processing (Misteli & Spector, 1999; Smith et al, 1999; Wagner et al, 2003) . This architectural organization could allow the optimal representation of nucleic acids and regulatory proteins that are required for protein-protein and protein-DNA interactions to organize and assemble regulatory complexes (Fig 1) .
Remodelling nuclear microenvironments
Nuclear microenvironments are often dynamic in nature to accommodate temporal macromolecular interactions. For example, the S-phase-specific transcriptional regulation of histone gene clusters reflects the dynamic nature of regulatory nuclear microenvironments. In proliferating cells, histone gene expression requires the recruitment of transcription factors to organize S-phase-specific nuclear microenvironments. These punctate intranuclear sites contain HiNF-P, which is a transcription factor that binds to the cellcycle regulatory sites of the histone genes (Mitra et al, 2003) , NPAT, which is an HiNF-P co-regulatory protein (Zhao et al, 1998; Ma et al, 2000) , and Cajal bodies (Shopland et al, 2001 ). In addition, PML bodies also associate with histone genes in the S phase (Wang et al, 2004) . Therefore, histone-gene-related nuclear microenvironments facilitate the combinatorial activity of proteins with diverse functions, which are obligatory for S-phase-specific histone gene expression. Similarly, Ikaros proteins offer a conceptually analogous example of dynamic nuclear microenvironments during lymphoid differentiation. Ikaros first localizes diffusely in the nucleoplasm and then accumulates at centromeric loci during lymphoid differentiation. This movement coincides with the relocation and inactivation of Ikaros target genes (Brown et al, 1999) . Overall, the dynamic remodelling of nuclear microenvironments allows numerous proteinprotein and protein-DNA interactions, and organizes functional intranuclear domains where transcription takes place. The distance between these regulatory sites is intricately regulated by the packaging of DNA into nucleosomes and higher order chromatin structures (left, upper panel). Scaffolding nuclear proteins, such as RUNX, provide structural platforms for the assembly of multiprotein supercomplexes to facilitate the combinatorial control of gene expression (left, bottom panel). Genes and macromolecular regulatory complexes together give rise to dynamic nuclear microenvironments in the nucleus. RUNX bodies are nuclear microenvironments that contain various co-regulatory proteins that are involved in gene activation, as well as repression, chromatin remodelling and cellular signalling (immunofluorescence images on the right, shaded yellow). RUNX was visualized using the Alexa 488 secondary antibody in all images and the proteins were detected using Alexa 568 fluorochrome-conjugated secondary antibodies, as indicated. Nuclear microenvironments also contain scaffolding proteins that recruit co-regulatory factors for the combinatorial control of proliferation and differentiation. Scaffolding proteins, such as RUNX and acute lymphoblastic leukaemia 1 (ALL1), provide a model for understanding the assembly of the gene-regulatory machinery in the threedimensional context of nuclear organization (Fig 1) . The dual recognition of the RUNX transcription factor by both promoter elements and co-regulatory proteins modulates the structural and functional
Fig 2 | Biogenesis and regulatory activities of nuclear microenvironments that support biological control. The multistep organization and assembly of nuclear microenvironments that integrate extracellular and intracellular regulatory signals to establish transcriptional competency is shown. (A) The mammalian nucleus is functionally compartmentalized into punctate subnuclear domains (blue circles). (B) An enlarged area of the mammalian nucleus shows four nuclear microenvironments with distinct functions: the nucleolus (purple circle) is the site of ribosomal RNA synthesis; RNA-splicing speckles (shown in red), such as SC35, are involved in RNA splicing/processing; various proteins accumulate at sites of DNA damage to organize distinct nuclear domains for DNA repair (green circle); and transcription factors are present in distinct foci in the nucleus, the subnuclear placement of which often correlates with gene regulation (light-blue circle). (C) A transcription domain can contain several target genes (shown here in repressed or closed chromatin conformations) for a transcription factor to amplify the representation of the regulatory machinery, thereby facilitating the combinatorial control of transcriptional regulation. (D) This composite schematic for the control of gene expression in the context of nuclear architecture incorporates various regulatory parameters that are operative in vivo, although not necessarily in a specific temporal sequence. (1) Transcriptional repression is mediated by nucleosomes that restrict the access of promoter elements to regulatory proteins. Inactive genes show the closed chromatin conformation (red circles). (2) To accommodate cellular response to specific extracellular stimuli, chromatin modifications, which are mediated by macromolecular chromatin-remodelling complexes, render the open conformation to the gene-promoter region; this results in the accessibility of promoter domains to the tissue-restricted, as well as the basal, transcription machinery. (3) Transcription factors that are synthesized in the cytoplasm translocate into the nucleus through a nuclear-localization signal (NLS), are targeted to the subnuclear domains by the intranuclear-targeting signal (NMTS) and bind DNA through the DNA-binding domain (DBD). (4) Various physiological cues, with positive (green hexagon) or negative (red square) regulatory potential, are transmitted to the nucleus through signalling proteins; these proteins interact with transcription factors and use their subnuclear targeting signals, as well as DBDs, to converge at the target genes. (5) Other regulatory proteins (purple circle) also converge at independent, or similar, promoter regions of the target genes, which results in the combinatorial control of gene expression. (6) Finally, the basal transcription machinery is recruited to the promoter, which leads to the activation of genes and mRNA synthesis (shown as nascent RNA). The nascent RNA is then exported from the nucleus, after various steps of RNA splicing and processing that are carried out in RNA-splicing speckles, as mature RNA. properties of target genes by facilitating the assembly of complexes that form nuclear microenvironments. Sequence-specific interactions with promoter elements place RUNX proteins at strategic sites where they act as scaffolds for protein-protein interactions to organize the regulatory machineries. These include machineries for histone modifications and chromatin remodelling, which increase the competency for transcription-factor binding and establish genomic conformations that mediate crosstalk between proximal and upstream promoter regions . At the same time, regulatory cues from signalling pathways that activate or suppress gene expression in a physiologically responsive manner are integrated (Zaidi et al, 2002 . In addition, the RUNX proteins are posttranslationally modified to influence their activity further . Similarly, the complexity of the ALL1 regulatory protein that assembles as a supercomplex of basal transcription factors, chromatin-remodelling factors and histone-modifying proteins, which are architecturally associated and focally organized, illustrates the potential influence of leukaemia-related chromosomal translocations on gene expression (Nakamura et al, 2002) . Therefore, transcription factors that function as scaffolds and interact with co-regulatory proteins provide a platform for the remodelling of the architecturally organized regulatory machinery in the nucleus. Cell-biological and biochemical evidence points to a dynamic, but stable, organization of nuclear microenvironments to accommodate the temporal and spatial requirements for the regulation of gene expression. In this model, scaffolding proteins use a hierarchy of targeting sequences to assemble regulatory complexes at punctate sites in the nucleus. These motifs include the nuclear-localization signal for nuclear import, the DNA-binding domain for interaction with promoter regulatory elements and the subnuclear-targeting sequence for intranuclear trafficking. The interaction of scaffolding proteins with numerous co-regulatory proteins that have diverse functions then results in the assembly and organization of functional nuclear microenvironments (Fig 2) . This model for the organization and remodelling of nuclear microenvironments is compatible with the self-organization model of nuclear assembly based on live-cell microscopy (Misteli, 2001) . However, the distinction between the self-assembly and the self-organization of regulatory complexes and subnuclear compartments is essentially semantic. Nuclear microenvironments arise from transient and long-term components with both in vivo and in vitro support for dynamic changes that provide competency for physiological responsiveness. A definitive and comprehensive characterization of punctately organized transcription sites has yet to be performed. Experimental approaches that are based on native concentrations of endogenous proteins and, where possible, in vivo genetic models should definitively address the biologically relevant mechanisms that contribute to the organization of regulatory mechanisms at sites in the nucleus.
Intranuclear trafficking of regulatory proteins
Mechanisms are emerging for the selective trafficking of proteins to nuclear microenvironments to organize functional regulatory complexes in the interphase nucleus. The discovery of the NMTS that is responsible for the architectural association of osteoblast, myeloid and lymphoid RUNX transcription factors has allowed the examination of mechanisms that direct regulatory proteins to transcriptionally active subnuclear domains (Zeng et al, 1997; Zaidi et al, 2001) . The NMTS functions autonomously and is necessary, as well as sufficient, to direct the transcriptionally active RUNX factors to nuclear matrix-associated sites where gene expression occurs. The biological role of Runx intranuclear trafficking has been established in vivo by mouse models that express Runx proteins with impaired subnuclear targeting. These mice show similar phenotypes to Runx-null mice, which indicates that the assembly and organization of Runx-containing macromolecular complexes at subnuclear sites is intimately linked to their biological activity (North et al, 1999; Choi et al, 2001) .
In addition to organizing and remodelling regulatory microenvironments in the interphase nucleus, the post-mitotic restoration of nuclear organization and the assembly of regulatory complexes are required to render progeny cells competent for phenotypic gene expression. A mitotic cycle of selective partitioning and sequential restoration of the regulatory machinery for RNA synthesis (for example, RUNX foci) and processing (for example, SC35 speckles), correlates with the ordered use of the regulatory machinery that is involved in the various steps of transcriptional control . Several other proteins, such as ALL1 (Ennas et al, 1997) and upstream binding factor 1 (UBF1; Gebrane-Younes et al, 1997), show similar mitotic transport. The mechanisms that regulate the association of regulatory proteins with mitotic chromosomes and/or the mitotic apparatus are only now beginning to be clarified. A viable possibility is that chromosomal foci contain co-regulatory proteins and several target genes that are poised for postmitotic transcription. Further studies are required to provide mechanistic insight. However, such trafficking of proteins seems to be crucial for phenotypic gene expression and provides a basis for understanding the post-mitotic events that ensure the fidelity of gene expression in progeny cells.
Catastrophic perturbations in nuclear microenvironments
Compromised architectural organization of regulatory complexes in the nucleus results in perturbed gene expression (Fig 3) . For example, a functional linkage between the deregulated nuclear import of regulatory proteins and a disease state is reflected by impaired fibroblast growth factor (FGF) signalling and tumorigenesis (Stachowiak et al, 2003) , the insulin-like growth factor 1 (IGF1) signalling pathway in haematopoiesis and leukaemogenesis (Baserga et al, 2003) , α-thalassaemia retardation syndrome X-linked (ATRX) signalling in neurological abnormalities (Berube et al, 2002) , anaphase-promoting complex (APC)/β-catenin signalling in colon cancer (Clevers, 2004) and the detection of translocation-fusion proteins in myeloid leukaemias (Spencer & Davie, 2000; Zelent et al, 2001) .
The importance of the subnuclear localization of transcription factors for biological control is indicated by the compromised subnuclear organization and activity of the RUNX1/acute myeloid leukaemia 1 (AML1) haematopoietic regulatory protein in AML patients. The chromosomal translocation in a significant proportion of AML patients results in a chimeric protein acute myelogenous leukaemia-eight twenty one (AML-ETO) translocation. This fusion protein has several subnuclear targeting signals and organizes into nuclear microenvironments that are distinct from those of wild-type RUNX1 (McNeil et al, 1999; Barseguian et al, 2002) . Therefore, the pathology of AML involves the subnuclear misrouting of RUNX1, which results from the loss of the carboxyl terminus and a gain-offunction by the fusion protein. Similarly, the chimeric promyelocytic leukaemia-retinoic-acid receptor (PML-RAR) fusion protein results in the dispersal of PML bodies, and leads to apoptosis and stress responses. The treatment of PML patients with all-trans retinoic acid results in remission from leukaemia accompanied by the restoration of PML bodies (Zelent et al, 2001) . Crosstalk between nuclear microenvironments that results in modifications to the organization of regulatory complexes is illustrated by the AML-ETO-dependent dispersal of PML bodies in a manner that is analogous to the intranuclear distribution of PML-RAR foci (McNeil et al, 2000) .
Proliferative diseases, such as cancer, are traditionally treated by blocking proliferation in a non-selective manner. However, a new generation of therapeutics is now emerging that selectively targets regulatory processes. Combinatorial activity and architectural association of the regulatory machinery provides an added dimension to drug specificity and selectivity. Several parameters of nuclear organization are being used for the treatment of cancer. For example, intercalating agents and derivatives of butyrate allow the manipulation of DNA and chromatin structure. Similarly, kinase inhibitors intercept and modulate the integration of regulatory signals in nuclear microenvironments. Intranuclear trafficking offers mechanistic insight into the assembly and organization of nuclear microenvironments for the combinatorial control of gene expression, and can be exploited to modulate gene expression under pathological conditions.
Nuclear microenvironments in biological control
Evidence for focal thresholds of genes and regulatory factors that optimize informative encounters to support transcription, replication and repair has emerged from the interrogation of fundamental parameters of biological control. Additional insight into the regulation of gene expression should be forthcoming from further exploration of the mechanisms and underlying parameters that mediate the multistep dynamic positioning and combinatorial association of regulatory macromolecules in the nucleus. Despite compelling support for the physiological relevance of intranuclear regulatory domains, there is a requirement to define the rate-limiting parameters of mechanisms that mediate the temporal and spatial components of nuclear structure-gene expression interrelationships. The rules governing organization of the regulatory machinery in the three-dimensional context of nuclear architecture are being functionally enhanced by the combined application of molecular, cellular and in vivo genetic approaches. It is realistic to expect that mechanistic explanations for the dynamic organization of the gene-regulatory machinery in nuclear microenvironments, which are compromised in many diseases, including cancer, can provide a platform for new approaches to diagnosis and treatment.
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